One of the most interesting UMTS networks features is their integration with the 2G networks that provides seamless Endto-End services. Current widely deployed 2G and 3G networks provide InterRAT (Inter Radio Access Technology) mechanisms enabling interoperability between them in a manner that is almost transparent to the subscriber. These enable maximum benefit from 3G services while ensuring wireless coverage continuity in geographically extended networks, where 3G coverage halls exist. These mechanisms include InterRAT idle mode reselection, InterRAT dedicated mode reselection for PS (Packet Switching) services, and InterRAT handover for voice calls. The aim of this paper is to evaluate the InterRAT hand-over (HO) performance between 2G and 3G networks. Analysis of the performance would be presented in the two HO directions. We propose an analytical model where the introduction of the 3G cell's load as one of the HO initiation parameters is considered. In addition, an Inter-RAT HO ping-pong defensive mechanism is proposed.
Introduction
The purpose of the inter-RAT HO (handover) procedure is to keep the service provided to the UE (User Equipment) while moving away from the coverage are of one RAT (GSM or UMTS) to another (UMTS or GSM). Before the handover process is completely achieved, different phases should take place; HO triggering conditions, measurements done by the mobile UE on the neighbor cells, and selection of the best candidate cell that fulfills the handover criteria condition. The handover initiation could be based on several criteria; whether signal level, and UE distance away from the BS, or even based on the desired service. Over facilitating the HO procedures might cause the mobile terminals to handover their calls from one cell to another and return back to the first cell after a very short period causing the increase of the signaling messages on the network, which is known by the Ping-Pong effect.
In the opposite sense, handovers might be designed in a way not to be performed easily, which would increase the call drop rate due to signal level degradation received by the UE. A tradeoff between fast and easy HO and between delayed HO exists.
In this paper we propose an analytical model where the signal quality in the UL (uplink) is also considered as one of the handover initiation parameters for the 3G-2G HO direction. Real data from live networks is also used to complement the analytical results.
The two handover directions; 3G-to-2G inter-RAT HO and 2G-to-3G inter-RAT HO will be considered.
1) 3G-to-2G Inter-RAT HO direction.
Due to the channel fading conditions faced by the UE, received signal sees fluctuations that might cause unnecessary handovers, even for non-moving mobiles. In order to reduce these unnecessary handovers, a proper design for the handover initiation conditions is required. Unlike in 2G technology, in 3G networks, the traffic is considerable, as it has a direct effect on the network QoS. The noise level increases with the increase of active users in the cell. In this paper we propose the consideration of the 3G-cell traffic, which is related to the noise level seen at the Node_B, for the 3G-to-2G HO triggering conditions, beside the signal quality evolution done by the UE, which is specified by 3GPP standard. 3G-cell traffic could be evaluated by the Node B, based on the noise level received from each UE in the UL direction. 3G-cell capacity is usually limited by the UL interference level generated by the increased number of users messaging the Node B at the same time and on the same frequency. Beside the signal quality measured by the UE and expressed by the CPICH Ec/Jo, corresponding BER value could be obtained from individual link level simulations, the cell load is also added to the HO triggering conditions. The UE signal quality reflects only the interference level received by the UE and not the interference level received by the Node-B. After the completion of the handover triggering conditions, the UE goes into CM (Compressed Mode) status where it could make measurements on the 2G neighbor cells. The UE sends the measurements results to the network to decide which cell is the best for HO after the fulfillment of the HO criteria.
The HO criterion for the Inter-RAT case is the (event 3a) criteria as specified by 3GPP standard. The criteria states that, "The estimated quality of the currently used 3G frequency is below a certain threshold and the estimated quality of the 2G system is above a certain threshold". This introduction of the 3G-cell traffic is expected to reduce the noise generated in the 3G cell and hence, the enhancement of the 3G system performance is anticipated.
Different from [1] , the signal quality (BER) is considered as one of the HO initiation conditions in our analysis beside the UL noise level seen by the Node B. In the next section our proposed analytical model will be presented.
2) 2G-to-3G Inter-RAT HO direction.
In the GSM [4] , recalling that noise level in 3G is affected by the number of UE/MS served by the cell.
Joint optimization of GSM to UMTS handover and UMTS to GSM handover is necessary in order to minimize call drop probability encountered in both radio access technology and to minimize probability of unnecessary handovers. These unnecessary handovers result in unnecessary increase in signaling load, and is considered the main cause of the undesired ping-pong phenomena. In this paper we propose a defensive mechanism to reduce the effect of ping-pong phenomena between GSM and UMTS without a great effort in optimizing handover detection thresholds. Such defensive mechanism could be implemented in either BSS, or UTRAN. The rest of this paper is organized as follows. In Section 2 we demonstrate handover process in both GSM to UMTS direction and visa versa. We underpin the model by performance metrics proposition that can be used for the purpose of handover process optimization. Section 3 includes numerical results extracted from field measurements. Section 4 proposes the ping-pong defensive mechanism. Finally, Section 5 concludes the paper.
2 Analytical Model performed. In this section we present the HO initiation and execution analytical model that will be used in this paper. Two different models will be used for the two different HO directions: 3G-to-2G HO and 2G-to-3G HO.
1) 3G-to-2G Inter-RATHO direction.
The mobile UE performs measurements on the 2G neighbor cells, once the triggering conditions are fulfilled. These triggering conditions take into consideration the signal quality at the mobile UE denoted by Qused, presented by the measured CPICH Ec/Jo value, and also the cell load presented by the UL interference level seen by the Node B denoted by ULin-.
The best cell among the neighbor cells that fulfills the HO criteria (event 3a) is to be selected for HO execution.
Event 3a criteria could be denoted mathematically as:
QUsed< ThUsed -H3a and Qtarget +CfOtarget > Thtarget +±H3a
where Qused is the quality of the 3G cell signal measured by the UE and presented by CPICH Ec/Jo, Qtarget is the quality of the target 2G cell presented by the received signal level in dBm, CIO is the Cell Individual Offset of the target 2G cell., H3a is the hysteresis margin for event 3a, Thused is the threshold value for the received CPICH Ec/Jo, Thtarget is the 2G cell received signal level threshold for event 3a.
The measured CPICH Ec/Jo reflects the signal quality received by the mobile UE. The common pilot channel (CPICH) is the channel that has to be detected by all the mobile UEs everywhere in the cell. If the UE is not able to detect the CPICH of certain (x) cell, this UE is said to be: "not covered' by this (x) cell. Hence CPICH defines the coverage area for the cell and it is transmitted by 10% of the total Node_B power.
We propose the division of the CPICH Ec/Jo range into three regions defined by two thresholds Th1 and Th2; a) HO is needed region, where CPICH Ec/Jo < Th1. b) No HO is needed region, where CPICH Ec/Jo > Th2. and c) HO might be needed region, where Th1 < CPICH Ec/Jo < Th2. In the third region the UE receives somehow a degraded signal quality due to the quite increased interference level. At this point another metric needs to be confirmed before activating the CM and triggering the measurements on the neighbor 2G cells. This metric is the UL interference level (ULint) which presents the 3G cell load. Figure 1 shows the three regions on the CPICH Ec/ Jo axis. (2) 3 Results
In this section we would present how the probability that a connection executes a handover from 3G cell to 2G cell has been calculated. The calculations are based on both the analytical model presented previously and also on the measurements results from real live networks.
A. UMTS to GSM Handover 1) Handover Probability Figure 3 shows the CDF (Cumulative Distribution Function) for the received CPICH Ec/Jo, based on measurements in a typical urban outdoor mobile environment. Normally the CDF should change for different environments and also depending on the number of installed base stations. In [6] , it has been shown that the uplink load factor caused by one connection in the WCDMA system depends on the service the connection is establishing with the network. Figure 6 shows the PDF of the UL interference in different 3G cells deployed in a rural radio propagation environment. We can notice that the cells are facing low UL interference level. These curves are the output of averaging process over several days. Actually in nowadays 3G networks the traffic is low especially for PS services. One of these curves has been used to calculate the HO probability in case the load exceeds a certain threshold. Using the previous analytical model, the cumulative distribution functions obtained from the live network measurements, beside the CDF of the chosen cell with the UL interference values: the probability that the handover conditions are satisfied is calculated. Figure 7 shows the probability curves as a function of the threshold (Th1), and for different values for the hysteresis margin H3a that varies from 0 to 4. The other parameters have been set as shown in Table 1 . We can notice that, when the "HO might be needed" region becomes smaller, whether by increasing Th1 or by decreasing Th2, the probability that a handover occurs from the 3G cell to the 2G cell increases. This could be explained, as the HO triggering conditions becomes harder, the HO probability decreases.
2) Call Drop Probability
The call drop rate is an important metric used to evaluate the QoS in cellular networks. Call drop could be caused by uplink or downlink break [5] . 3) Call Drop Probability
Hardening Handover decision by increasing handover detection threshold is a good choice to reduce the chance of unnecessary handovers. Reducing unnecessary handovers has a direct impact on reducing Call drop in UMTS side as the probability of underestimating radio conditions in UMTS vanishes. Also it has an influence on reducing ping-pong effect. The Intra-GSM Handovers in Figure 9 includes both Inter and Intra BSC Handovers. The maximum call interruption period in case of Intra-GSM Handover was around 330 milliseconds, Figure 10 : GSM to UMTS Handover probability. Effect of setting Qsearch_C on Handover probability is shown.
A trade off between hardening and easing handover decision is required. As Handover decision gets harder, Probability of call drop increases as a result of signal strength degradation in the serving cell. Figure 11 demonstrates increase of call drop probability in correspondence to increasing TEC/Io-Call drop probability is simplified as [1] :
where PDrop is the probability of call drop due to GSM to UMTS Handover, RxLevMin is the minimum level in dBm of accessing a GSM cell specified in [2] as RXLEV ACCESS-MIN, and PHO is the GSM to UMTS handover probability in Equation (5 Figure 11 : Call drop probability due to delayed GSM to UMTS Handover versus GSM to UMTS Handover Probability.
In practice Call drop probability experienced by the UE/MS is much less than the values shown in Figure 11 ; as the figure shows only call drop that might be encountered if GSM to UMTS was not probably triggered. Typically this is not the case, as the UE/MS has a chance to handover to another GSM cell if degradation is encountered in the serving cell. Call drop model that capture all GSM system dynamics should take into account the following Call drop events:
1) Call drop due to radio interface failure.
2) Call drop during handover execution, which include, Intra-cell, Inter-cell, Inter-BSC, and Inter-RAT Handovers.
3) Call drop due to System failures, which include, Hardware failures, Software failures, and Transmission subsystem failures.
4) Call drop due to explicit preemption. As it's common to have a grade of service assigned to individual subscribers, The GSM network can explicitly pre-empt calls in case of congestion so that it gives priority to a higher grade subscribers. 4 Inter-RAT Handover Ping-Pong Defensive Mechanism Proposal GSM to UMTS handover as described in Section 2 is considered a better cell handover, in which the network will always keep trying to send the UE/MS to the UMTS cell as long as the radio conditions are good. This raises the risk of ping-pong effect, as the UE/MS oscillate back and forth between the GSM and UMTS cells in case of variations in radio conditions, and sensitive reactivity of the handover triggering thresholds.
One possible way to minimize such undesired effect is to harden or prevent handover decision from a serving GSM cell to a target UMTS cell, if the GSM access request indicates handover from UTRAN. We modify handover detection in Equation (2) "The views presented in this work are of the authors, and does not represent Alcatel-Lucent position regarding the 2G/3G HO".
